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Abstract
Radiowave detection of the Cherenkov radiation produced by neutrino-ice collisions requires an understanding of the
radiofrequency (RF) response of cold polar ice. We herein report on a series of radioglaciological measurements performed
approximately 10 km north of Taylor Dome Station, Antarctica from Dec. 6, 2006 – Dec. 16, 2006. Using RF signals
broadcast from: a) an englacial discone, submerged to a depth of 100 meters and broadcasting to a surface dual polarization
horn receiver, and b) a dual-polarization horn antenna on the surface transmitting signals which reflect off the underlying
bed and back up to the surface receiver, we have made time-domain estimates of both the real (index-of-refraction “n”)
and imaginary (attenuation length “Latten”) components of the complex ice dielectric constant. We have also measured the
uniformity of ice response along two orthogonal axes in the horizontal plane. We observe a wavespeed asymmetry of order




The Antarctic icecap is the world’s largest stable, homogeneous surface feature, comprising 75% of the current
freshwater reserves on the planet. The pristine nature of the ice, with relatively few defects or impurities, results
in exceptional transmission properties for both electromagnetic and acoustic/seismic signals. At wavelengths of 300
nm(/1 m), electromagnetic attenuation lengths are of order 200 m(/2000 m)[Price-1997, Barwick-2005].
The lack of human and animal activity on the continent makes the icecap an ideal locale for experimental efforts
seeking to measure rare collisions of extra-terrestrial objects, both microscopic[Kravchenko-2006, Barwick-2005] and
macroscopic (meteorites, e.g.[ANSMET]) with the icecap itself. The long scale of signal transmission allows a radio
sensor to probe an extremely large volume for englacially generated radiowave signals. In the case where cosmic-
ray neutrinos are measured via the coherent Cherenkov radiation produced subsequent to their collision with ice
molecules, the attenuation, absorption, and possible de-polarization of the resulting electromagnetic signals, due to
the ice intervening between the interaction point and the detection sensor itself, must be understood if one is to
accurately reconstruct the four-momentum of the initial neutrino. Measurement of Antarctic ice properties over a
large footprint is particularly important for the ANITA experiment[Barwick-2006], which seeks to register neutrino-
induced radiowave signals using a suite of high-bandwidth horn antennas mounted on a gondola. From a height of
38 km, ANITA monitors a mass of ice out to the horizon 600 km away.
The electromagnetic response of some medium is typically expressed in terms of a complex dielectric ‘constant’
ǫ = ǫ′(ω, nˆ) + iǫ′′(ω, nˆ), where ω is the angular frequency and nˆ is the polarization vector. The real part of the
dielectric constant (Re(ǫ) = ǫ′) is related to the electromagnetic wavespeed via: v′ = c/
√
|ǫ′|; the imaginary part
(Im(ǫ) = ǫ′′) gives the power loss through the medium via: loss (dB/m) = 8.686(ω/2c0)(
√
ǫ′tanδ). Here, c0 is the
electromagnetic wavespeed in vacuum, and tanδ = ǫ′′/ǫ′.
The response of ice as a function of polarization (“birefringence”) has been probed with a variety of
measurements[Hargreaves-1977, Matsuoka-2003, Doake-2002, Doake-2003]. Asymmetries are characterized as dif-
ferences in either wavespeed or absorption along linear (generally orthogonal) axes, or alternately, in terms of a
left-handed circular polarization (LCP) vs. right-handed circular polarization (RCP) basis. Formally, the two asym-
metries (real and imaginary) are linked by the Kramers-Ko¨nig dispersion relation – if one is non-zero, the other
must be non-zero, as well. In the absence of any preferred in-ice direction, one might expect any asymmetry to be
mitigated by the random-walk nature of the birefringence. In such a case, over a total pathlength l consisting of N
unit steps, each of which is characterized by an asymmetry b, the average propagation time for each polarization
axis should have a Gaussian distribution, centered at l/c, with width b
√
Nl/Nc. The asymmetry distribution would
therefore be a Gaussian of width σb = b
√
2Nl/Nc, centered at zero, and randomly varying from point-to-point across
the icecap. For values of l = 1000m, N = 1000, and 1% birefringence (b = 0.01), we expect σb ∼1.5 ns. By com-
parison, typical neutrino-induced signal durations measured by ANITA are of order 3-4 ns, so this difference would
not be significant. Data collected on Brunt Ice Shelf near Halley Station resulted in an estimate of a birefringent
asymmetry in the effective permittivity of 0.14%[Doake-2002], compared with a value of 0.02% for single ice crystals.
The impedance mismatch of air relative to ice, or ice relative to bedrock introduces non-zero reflections at that
interface. The corresponding reflection and transmission coefficients, for the perpendicular and parallel components
of planar incident electric field wavefronts (r⊥, r||, t⊥ and t||, respectively), are given by the standard “Fresnel equa-
tions for dielectric media”, in terms of the angle-of-incidence (θi) and angle-of-transmission (θt), and the standard
index of refraction (n(ω, nˆ) =
√
ǫ′(ω, nˆ)). For ANITA, the dielectric contrast at the surface interface (i.e., air-ice)
largely determines the critical angle, and therefore the volume of ice visible to the balloon. For constant voltage
threshold Vthresh (and neglecting absorption), the minimum field strength observable from the balloon is given by
E0R = Vthresh, where E0 is the strength of the signal at the production point, R is the distance from production
point to observation point and Vthresh is the voltage threshold at the detector, typically set to be at least three times
the ambient thermal noise background, or: Vthresh ∼ 3V rmsthermal noise. For large values of E0, the observable volume
is (neglecting the 38 km altitude of the balloon, and taking R to be measured in the horizontal plane) disk-like.
In this case, most of the sensitive volume is at the edge of the horizon and the angles of incidence relative to the
balloon are close to the critical angle.
Scope of Experimental Work
Our primary goal was to perform measurements important to understanding radiowave propagation through the
ice, refracted at the surface, and ultimately received by the ANITA gondola. To that end, a series of studies were
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conducted, as summarized in Table I.
Measurement Configuration Geometry Implications
Latten (Im(ǫ)) Surface horn→surface horn “V”-axis≡14.8 degrees Range of observable
reflected off bedrock E of true N; in horizontal plane neutrino interactions
Birefringence (same) (same) ANITA trigger efficiency
n(z) (Re(ǫ)) in-ice discone→surface horn “V”-axis≡vertical c-axis θcritical,
≡Index-of-refraction as f(depth) ray-tracing through ice/firn
Surface Roughness (same) (same) Signal amplitude at gondola
TABLE I: Scope of radioglaciological measurements carried out at Taylor Dome. The “V” axis defines antenna orientation,
and is detailed elsewhere in the text.
Experimental Technique
Geometry
The geography of the NASA Core Site camp is as indicated in Figures 1 and 2 (tip of green arrow). As indicated
in Table I, the orientation of the antennas is denoted by the two orthogonal linear polarization ‘V’ and ‘H’ axes.
In the case where both transmitter (“Tx”) and receiver (“Rx”) are aligned with ‘V’, the orientation is therefore
described as ‘VV’, e.g. In the other case of the vertically-oriented in-ice discone broadcasting to a surface receiver,
only the polarization of the receiver horn is indicated. For the in-ice measurements described below, the VV-axis
is approximately 14.8 degrees East of true North, and points roughly in the direction of the primary Taylor Dome
base. Over a distance scale of ∼10 km, the VV orientation approximately coincides with the local surface elevation
gradient. Locally (over ∼0.5 km), the HH-axis coincides roughly with the local gradient.
Transmitted Signal Characteristics
Signals are produced using a high-power (2 kV peak amplitude) fast FID pulser; the pulser output signal is
shown in Figure 3. A short 30-meter, low-loss 0.5-inch thick coaxial cable connects the pulser output to a Seavey
quad ridge dual polarization transmitting horn antenna (model QRG-218A), with separate connections along the
orthogonal V- and H- axes. Isolation between the two polarizations is typically ≥6 dB. This antenna offers excellent
response in the range 250 MHz–1 GHz, and is identical to those mounted on the ANITA gondola. The forward
gain has been measured to be 12 dBi, with a beamwidth of ∼30 degrees. For the attenuation length measurements
described below, signals were directed either downwards and reflected off the underlying bedrock to an identical
receiver surface antenna, or parallel to the ice surface, with both antennas facing each other through-air, to provide
a normalization for the in-ice reflected signal. For reflection off the bedrock, the receiver horn signal was first
high-pass (Microcircuits model SHP-150) filtered and then immediately amplified by 20 dB in power to enhance the
signal-to-noise. In the configuration where the surface receiver measures signals broadcast from an in-ice discone
(designed and constructed at the University of Hawaii), the surface horn is inclined downwards at a cant angle of
11 degrees below the horizontal, unless otherwise specified. The discone was lowered into a ∼12 cm diameter hole,
drilled in November, 2006, by the 2006-07 ITASE drilling team to a depth of 100 m.
Following reception at the receiver horn, signal is conveyed through ∼100 m of low-loss coaxial cable to a 3 GHz-
bandwidth Tektronix TDS694 digital oscilloscope, which performs waveform capture. For most of the measurements
described herein, we average over multiple samples (∼100-1000, depending on the measurement). The single-shot
jitter is observed to be approximately 200 ps in time, and 5% in peak voltage.
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FIG. 1: Coordinates of measurement site (yellow circle) and main Taylor Dome base (red triangle)
Procedure
Measurement of Attenuation Length
Attenuation of radiofrequency signals is impurity and temperature-dependent, and shows large variations across
the Antarctic continent. A recent frequency-domain RF attenuation length measurement at SIPLE Dome in West
Antarctica, for example, gave an average field attenuation length value of Latten ∼238–334 m[Winebrenner-2005],
considerably smaller than a time-domain measurement at South Pole[Barwick-2005].
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FIG. 4: Set-up used for experimental measurement of bottom reflection. For in-air transmission (“S12(air)”), horns face
each other on the surface. Signals were also measured with the receiver horn antenna displaced ∼100 m to the left of the
transmitter, as described later in this document.
Received Power Magnitude and Latten Determination
To estimate the average attenuation length at our site, we compare the signal strength measured through the
in-ice path (S12(ice)) normalized relative to the signal strength measured when the transmitting horn broadcasts
along boresight to the receiver horn in-air (S12(air)). Knowing the distance between the horns in-air (dair) and
the round-trip distance of the signal path through ice dice, and attributing all losses greater than 1/r amplitude
spreading to ice attenuation, we can use Vice/Vair = (dair/dice)e
−dice/<Latten> to extract the path-length ‘average’d
field attenuation length < Latten >, with Vice and Vair the measured voltages for the in-ice and in-air signal paths,
respectively.
S12(air) measurements
For the in-air path, signals were broadcast over a variety of separation distances. To ensure that the signal
fits within the dynamic range of the digital oscilloscope, the output of the signal generator was attenuated by 20
dB (power); by contrast, for broadcasts through ice, the signal from the receiver antenna was amplified by 20 dB
(power). The raw received signals shown for HH and VV are comparable (Figures 5 and 6). By contrast, cross-talk
(VH or HV) is estimated to be <∼20% (Figure 7). We also note that the gains for HH and VV are quite comparable
(Figure 8).
Measurements were made both employing, and not employing a 150 MHz high-pass filter, as shown in Figure 9.
Our default configuration employed the 150 MHz high-pass filter.
Interference Considerations
In principle, the characteristics of the received through-air signal are polarization dependent. There may be
interference between a direct-path and an optical path corresponding to reflection off the snow surface. Defining
“V” here as the vertical axis perpendicular to the surface (zˆ), and “H” as the horizontal axis perpendicular to both
“V” and the propagation vector, we note that the magnitude of interference in VV vs. HH will differ, since the
electric field vector components parallel and perpendicular to the air-ice interface have different, angle-dependent
reflection coefficients, as prescribed by the Fresnel equations. Such effects can, in principle, be probed by varying the
separation distance between transmitter and receiver over a scale comparable to a wavelength. To assess interference,
we made a set of measurements with the two antennas relatively close to each other (d=5 m), and both with and



































FIG. 5: VV signal observed for in-air transmission,
































FIG. 6: HH signal observed for in-air transmission,





























FIG. 7: HV signal observed for in-air transmission,




































FIG. 8: Comparison of in-air signal strength observed
for VV and HH with both Tx and Rx elevated approx-
imately 1 m above snow surface.
reflected path is given by: c∆t = 2(
√
h2 + d2/4 − d/2) ≈ 2h2/d. Assuming the phase center of the antenna is at a
height of 0.5 meters, corresponding to no ice blocks, we obtain ∆t ∼ 0.083 ns. For the case where the antenna is
elevated by an additional 1 meter, then ∆t ∼0.6 ns, corresponding to approximately a phase difference of π radians.
Figure 10 shows the comparison for these two elevations. The magnitude of the observed differences indicates that
interference between the two possible paths is not substantial. This conclusion is also supported by Figure 8, which
shows good agreement between the signals observed for the two polarizations (albeit with a phase shift of π radians)
in the elevated configuration.
S12(ice) measurements - signal amplitude
Antennas were initially oriented relative to the local elevation gradient, which is presumed to coincide with the


























d=53 m / S12 (air)
No BHP-150 filter
with BHP-150 filter
FIG. 9: Comparison of received signal strength (broadcasting through air), with and without 150-MHz highpass filter applied
to surface receiver.
Estimate of ice depth at Measurement Site
To determine the attenuation length, we must first estimate the ice depth. From the time delay between the sent
and the received signal, we can estimate the depth of the ice shelf at the measurement site. We use the Taylor Dome
ice density data tabulated elsewhere[Fitzpatrick-1994] and assume an exponential density profile beyond 100 m, as
shown in Figure 11. Comparing the travel time difference for the in-air vs. in-ice measurements (cable delays are
the same for both), and knowing the in-air tabulated separation distances, the cable delay offset can be determined.
Calculating an in-ice transit time of 11100 ns (corrected for cable delays), we obtain an estimated depth of 945±15 m,
where the systematic error shown is dominated by the unknown depth profile below 100 m. This value is consistent
with other estimates, albeit at ∼5 MHz[Welch-2006]. (In principle, the equality of the signal propagation times at
5 MHz vs. 500 MHz can be used to bracket the dispersive characteristics of ice over two decades in frequency. The
timing resolution, however, degrades with frequency.) We now use this value to extract the ice attenuation length
Latten.
Comparison of S12(ice) to S12(air) power spectra
We can now compare the signal observed over the path-length of the in-ice signal with the signal observed through
air. Figure 12 shows the power spectrum of the through-air signal. We observe considerable power at high frequencies
(up to 1 GHz), over a timespan of 10 ns. By contrast, the through-ice received signal is apparently extended by an
order of magnitude. Figure 13 shows a typical reflection signal. Additional FFT plots for the through-ice signals
are shown in Figures 14–17.
We typically observe similar spectral content, compared to the S12(air) signal, only for the first 50 ns of received
signal. We expect that, if the bottom surface were characterized by roughness of typical vertical scale h, then
the observed signal should be specular for λ ≫ h and show an interference pattern for λ ≪ h. In that case, the
low-frequency power should persist for only a timespan comparable to the sent signal, contrary to observation. We




















FIG. 10: Comparison of broadcasting in-air (HH) with h=0.5 meters vs. h=1.5 m. The absence of large differences between

























FIG. 11: Density data[Fitzpatrick-1994] points and assumed density profile, extrapolated to bedrock.
Dispersion
Uncertainties in the frequency dependence of electromagnetic wavespeed in polar ice are also sufficient to allow
dispersive effects as a possible explanation for the received signal structure. In that case, our data would be consistent
with dn/dω <0 in the frequency range of interest. However, it should be noted that, within the limits of our timing





































FIG. 12: FFT characteristics of S12(air) signal. Vertical scale has dimensions [V/MHz]; absolute normalization is arbitrary.
















FIG. 13: Observed HH reflection signal.
signal arrival times for 320 MHz vs. 700 MHz. By contrast, our Taylor Dome data indicate received signal durations
of order 120 ns, relative to a total transit time of 11.1 µs. Ice properties’ differences between the two sites, of course,



















































FIG. 15: HH Reflected signal spectral power.
Numerical Extraction of Attenuation Length
To minimize relative distance measurement error, we normalize the S12(ice) signal strength to the S12(air) signal
measured for maximum in-air separation. To test systematics, we compare the calculated attenuation lengths based
on: a) the maximum voltage observed in the reflected signal Vmax, after corrections (described below), and b) the
calculated integral of the signal strength, using 50 ns of both in-ice and in-air data. (Including more of the through-






















































FIG. 17: VH ’cross-polarization’ reflected signal power.
we must directly subtract the average voltage < V >pre−signal, as measured for one microsecond just before the
arrival of the reflected signal. Additionally, the ambient rms voltage σV,pre−signal must be subtracted in quadrature
when calculating the signal using the 50 ns-signal time criterion. The corrected calculated signal voltage Vsignal =√
(Vmeasured,scope− < V >pre−signal)2 − σ2V,pre−signal. Figure 18 shows the distribution of extracted attenuation
lengths, obtained from several (S12(air),S12(ice)) combinations. Integrating over 50 ns of signal yields an average
attenuation length of 460 m; the rms of those values is approximately 27 m. Using the peak voltage only, we obtain


















FIG. 18: Ensemble of estimated values of field attenuation length, normalizing HH and VV S12(ice) measurements to S12(air)
measurements at separation distances of 50 m and 60 m.
S12(ice) measurements - signal arrival time considerations
Birefringence considerations
In principle, ground-penetrating radar (GPR) can be used to probe birefringent asymmetries, for both the real
and imaginary pieces of the dielectric constant. A continuous wave (CW) network analyzer signal, fed into a TEM
horn, can be used to excite one particular polarization. In the case where that signal polarization axis coincides with
one of the linear birefringence axes (aka “optical axis”), no birefringent asymmetry is observed. In the case where
the signal polarization axis projects onto two orthogonal birefringence axes, a birefringent asymmetry (δǫ′ 6=0) in the
real part of dielectric constant will result in interference between the two orthogonal signals arriving at the receiver,
with some frequency and pathlength-dependent phase relationship. In the case where the signal polarization is at 45
degrees relative to the birefringent axes, each of HH and VV would display a reduced amplitude over the time when
only one projection is being measured, followed by an interference pattern (similar to that observed by Matsuoka et
al.) with amplitude varying from zero to the maximum observed for the unrotated orientation, over the timespan
when the signals propagating along the birefringent axes interfere at the receiver antenna, again followed by a
reduced-amplitude post-interference single-polarization signal. This is illustrated in Figure 19 for a monochromatic
signal. Note that this gives us one criterion for the antenna orientation which best matches the birefringent axes –
in that configuration, the observed time duration of the signal is minimized.
In the case where the birefringent asymmetry is entirely in the absorptive (imaginary) part of the dielectric
constant (δǫ′′=0), the variation in signal is likely to be less detectable. Figure 20 illustrates the expected signal
variation for a continuous wave signal, as the signal polarization axis for a transmitter/receiver pair are rotated
relative to the birefringence axes, as a function of the magnitude of the birefringent asymmetry.
Continuous wave data taken using horn antennas rotated in the horizontal plane and broadcasting along the axis
perpendicular to the bed (“c-axis”) over a 300-km traverse from Dome Fuji show a very clear sinusoidal pattern,
with an amplitude modulation ≈80% over π radians[Matsuoka-2003]. This is interpreted as direct observation of
birefringence due to the asymmetry in the crystal orientation fabric (“COF”), caused by the ice flow itself along the
gravitational gradient and resulting in crystal orientation perpendicular to the flow direction.
Direct measurements of Vostok ice cores, however, indicate no preferred ice crystal orientation over the first 400
meters, followed by a mixture of COF both parallel to, as well as perpendicular to the c-axis (i.e., along the vertical,



























FIG. 19: Model of birefringence, setting thermal noise to zero. Red and green traces show signals received for polarizations
having different indices of refraction (n1 and n2, respectively). Note the time-domain offset modeled for the start time of the
two signals. Blue trace represents expected signal when horn is oriented at 45 degrees with respect to two birefringence axes.
the COF is found to align along the c-axis, with crystals preferentially stretched along the vertical. We note also
that all measurements thus far indicate that shelf ice has a uniform density below ∼200 m, so any alignment of the
internal fabric evidently does not result in any bulk change in the crystal packing itself.
As an alternative to frequency-domain measurements, one can directly measure asymmetries in the time domain
using a pulsed signal. This approach has the disadvantage of obscuring the frequency dependence of the signal
propagation, but the advantage of isolating through-air signal leakage due to the side lobes of a typical horn beam
pattern. In this case, δǫ′ > 0 results in a measurable time difference between two signal polarizations; δǫ′′ > 0 results
in an amplitude difference between two polarizations.
Experimental Comparison of Bottom Reflection signals
Bottom reflection data were taken in “VV”, “HH”, and “VH” orientations. The start times (t0) from the pulser
for our measurements are found to be identical to within ∼200 ps. Figure 21 compares the trigger crossing time for
the “VV” and “HH” orientations. We again note the presence of an apparently long tail in the reflected signal, as
shown in Figure 13. Dividing the waveform into 200 ns long segments beginning i) 600 ns after the apparent signal
reflection, ii) at the time of the apparent signal reflection, and iii) 200 ns after the apparent signal reflection, we
observe that the distribution of voltages in the waveform is well-matched to a Gaussian distribution, as would be
expected for pure thermal noise (Figure 22).
Comparing “HH” to “VV” reflections, we also observe that the echo time recorded for the “HH” signal is advanced
by 15 ns relative to the “VV” echo signal time (Figure 23, and zoomed in Figure 24). Aside from the unlikely
possibility that the bottom surface has local ‘patches’ which favor different polarizations, it would appear that the
most likely explanation for this observed time difference is due to wavespeed differences along two axes. Interpreted
as birefringence, the implied asymmetry is approximately 0.12%, considerably smaller than the estimate of 3.4%
made elsewhere (albeit at 39 GHz[Matsuoka-1997]). Although not fully probed owing to time and cable length
limitations, and also problems with data acquisition waveform capture, we note that:
• the magnitude of the HH vs. VV signals were relatively constant when the antennas were displaced along the
N-S axis by approximately 160 m (in that case, the illuminated area of bedrock at which the reflection is taking































FIG. 20: Illustration of expected variation in received continuous wave (CW) signal strength, as a transmitter/receiver pair
are rotated relative to major and minor birefringence axes. α=0 corresponds to alignment along the major axis, for which



















FIG. 21: Comparison of trigger time for bottom reflection measurements for HH vs. VV. Trigger threshold is set to 2.72 V.
in 22.5 degree steps over 180 degrees. The measured values of peak receiver voltage, read off the oscilloscope
screen, are presented in Figure 25. We observe from Figure 25 that: a) our initial “VV” orientation of –14.8
degrees seems to be close to the measured maximum; b) from interference effects, and assuming that the
birefringent asymmetry in the real part of the dielectric constant is substantially larger than in the imaginary
component, we would naively expect maxima at intervals of π/2, corresponding to those orientations for which

















Fit to 200 ns->400 ns post-signal
FIG. 22: Voltage distribution around the reflection signal observed in the previous Figure and fit to Gaussian distribution,
as expected for thermal noise.
the polarization plane of the transmitted signal, we would expect the received cross-polarization (V → H , e.g.)
fraction of the received signal to be approximately constant. The largeness of the point-to-point systematic
errors and the lack of comprehensive data notwithstanding, such constancy is not obviously observed. Rather,
there appears to be an anti-correlation between “co-pol” (VV or HH) signal strength and cross-pol (VH) signal
strength – when the former is largest, the latter is smallest, and vice versa.
• To check antenna systematics, the surface horn transmitter and surface horn receiver were rotated in
the horizontal plane by –90 degrees; in that configuration, we find HH(rotated)=VV(unrotated), and
VV(rotated)=HH(unrotated). This indicates that the observed time-domain asymmetry is not an artifact
of antenna effects.
Figure 26 displays the received signals for both the original VV and HH orientations, the signal observed when the
surface antennas are each rotated by –45 degrees (π/4), and the vector sum of the VV and HH signals. The latter
is obtained by projecting the VV and HH data onto an axis oriented at 45 degrees with respect to VV- and HH-,
and adding the projected components. Neglecting thermal noise contributions, which would add a random voltage
with rms V rmsthermal noise point-to-point, then our VV+HH sum model should coincide with the –45 degree data. This
comparison is inconclusive.
Systematics
In transmitting through-ice, several effects can ‘smear’ the observed time domain reflection signal. We discuss
these now.
Internal Layers
Layers can arise as a result of episodic events (dust or acid layers, e.g., due to volcanic eruptions, which result
in a change in ice conductivity and therefore ǫ′′) or annual processes, including thin surface crusts which form in
the summer, constituting a discontinuity in density and resulting in a contrast in the real part of the dielectric
























FIG. 23: Received signal as a function of time for indicated orientations. “VV rotate” refers to the Tx and Rx orientation
for which the VV terminals of both Tx and Rx have been rotated into the initial HH orientation. In this (and successive)























FIG. 24: Zoom of previous Figure.
the ice approaches its asymptotic density. Anisotropies in the crystal structure of the ice may also constitute a
discontinuity. Nearer to the coast, brine infiltration can also result in stratified layering. Precise study of layers
requires extremely sensitive receivers and, in the case of annual layering, the ability to distinguish density differences
of order 1-10 cm apart (<1 ns) in the ice. Interferometry or pulse modulation techniques can also be used to probe
layering, provided the interferometer is sensitive to 1 ns time scales.
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Orientation of Antennas wrt True North (deg)













 V pol.→V pol. 
 H pol.→H pol. 
 H pol.→V pol. 
FIG. 25: Maximum measured bottom reflection voltage (as read directly from oscilloscope) with surface receiver horn displaced
150 m south of initial measurements. Typical measurement uncertainty is estimated to be of order 20% at each point.




















VV (rotated 45 degrees)
Sum of HH(0) and VV(0)
FIG. 26: Vector sum of HH and VV signals (our birefringence model, top) compared with data received signals, as indicated.
Plots have been vertically offset for visual clarity. In the context of our model, the top plot should correspond to the
second-from top plot (“VV (rotated 45 degrees)”).
Volume Scattering
In addition to discrete layers, quasi-continuous λ−4 Rayleigh scattering off air bubbles in unenclathrated ice has
been considered quantitatively[Smith-1972], resulting in a ‘worst-case’ estimate of an attenuation loss 0.7λ−4 dB per
100 m.
18
We observe no clear evidence of pre-signal reflections in our captured time-domain waveforms which should result
from either internal layering or volume scattering.
Uncertainties in surface scattering at the bedrock
In principle, the signal from the horn on the surface illuminates a disk of radius R ∼
√
2λdTxdRx/(dTx + dRx).
Here, dTx = dRx is the distance from the transmitter or receiver through the ice to the bedrock and λ is the
observed wavelength. For d ∼1000 m and λ ∼1 m, then R ∼30 m, corresponding to a maximum smearing in the
time domain of approximately 2 ns due to the non-zero size of the illuminated disk. This also sets the scale of the
region contributing to the received signal at the surface. If the underlying bedrock is convex (i.e., the transmitter
is located on top of a local high-point), or uniformly sloped in any direction over that 30 m scale, surface scattering
will result in a net loss of signal and reflection away from the receiver. (In the unlikely case that the underlying
bedrock is concave, it is possible that signal may be focused into the horn.) To probe bottom reflection systematics,
therefore, requires a displacement of the surface transmitter relative to the surface receiver of at least 60 m. We
note here that there can be interference between different portions of the illuminated disk arriving at the receiver
horn; we also note that the observed time duration of the reflected signal (Figure 13) implies an illuminated region
roughly 10× larger than our 30-meter estimate above. Qualitatively, the signals displayed the same time-domain
structure, and the same peak voltages (Figure 25) at the second (displaced) location as the initial location.
Signal Determination Systematics
In our numerical extraction of the reflected signal amplitude, we additionally note the following:
• Integrating the reflected signal over the entire ∼125 ns duration of the bottom reflection increases the estimated
attenuation length by approximately 30%.
• We have assumed a bottom reflectivity of 1.0. A more realistic value, corresponding to a typical rock-ice
dielectric contrast, is approximately 0.3. Inserting such a value into our calculation also has the effect of
increasing the estimated attenuation length by ∼25%.
• As mentioned previously, a bottom surface which is linear in elevation slope, either positive or negative, has
the effect of reducing the net estimated signal, as does a concave upwards surface (i.e., a local ’hill’). A concave
downwards bedrock surface (i.e., a local ‘depression’) could have a focusing effect. In our calculation, we have
ignored such possible curvature effects.
• In principle, one might argue that one should properly include the cross-polarization (i.e., HV or VH) signals
into the tabulation of the received signal. Reciprocity suggests that, if a purely V-transmitted signal can excite
the H-terminals of the receiver horn antenna, excitation of the V-terminals of the transmitter can also result
in excitation of the H-terminals of the transmitter. In that case some of the H-received signal is simply the
transmission of this H-component, which has preserved its polarization in its traversal of the intervening ice. We
therefore only include signal from that polarization component corresponding to that originally transmitted.
Including the cross-polarization signal would increase the estimated attenuation length by ∼10%.
BEDMAP elevation profiles and comment on bottom slope.
The BEDMAP group have tabulated estimated bedrock[BEDMAP] and ice surface elevations across the Antarctic
continent. Over 5 km×5 km grid squares in the vicinity of our measurement site, surface and bedrock elevations are
shown in Table II. The average slope of the bedrock over the area where our measurements have been made is very
slight, of order 5 mrad, although local variations exceeding that cannot be ruled out without further measurements.
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TABLE II: Surface/Bedrock elevations (BEDMAP). Borehole site has coordinates ≈ (1 km,2 km) relative to given grid center
coordinates.
































fit to temperature data
Profile 1 Extrapolation to bed
Profile 2
FIG. 27: Measured temperature profile at borehole site. Also shown are temperature profiles considered for systematic
uncertainty in extracted attenuation length. We note that all measurements (to our knowledge) indicate a warming of ice to
near 0◦ C at the bedrock; “Profile 2” is therefore considered to be an extremely unlikely, and overly pessimistic case.
Temperature Profile
Figure 27 displays our measurements of temperature as a function of depth, overlaid with two possible extrapo-
lations in the region below our measurements. We estimate an uncertainty of approximately 0.2 degrees Celsius in
each of our measurement points. Given our measured average attenuation length < Latten >, in order to extract a
numerical estimate of the attenuation length as a function of temperature we must extrapolate the temperature at
a depth of 97 m to the temperature at the bedrock. To our knowledge, a full temperature profile down to bedrock
at our site is not currently available. A parabolic extrapolation down to a warm bed gives an implied attenuation
length at -50 C within 2% of the central value obtained at South Pole[Barwick-2005]; a flat extrapolation at constant
















FIG. 28: Signal observed in bottom reflection measurement at South Pole, January 2004.
Previous Bottom Reflection Data
We have also used previous data, taken at the South Pole in January, 2004 with similar apparatus, for possible
evidence of an extended reflected signal time duration relative to the transmitted signal, as well as any birefringent
asymmetries. The reflection from a monochromatic 320 MHz, 400 ns long ‘tone’ signal observed in a surface horn
receiver (Figure 28) is observed to be approximately 400 ns in duration. Although not conclusive, this observation is
consistent with our interpretation that the primary received reflection is of comparable duration, and has comparable
spectral content, as the broadcast signal. The power spectra data (Figure 29 and Figure 30), unfortunately, do not
allow us to conclusively assess a possible time delay between the two measured polarizations.
Faraday Rotation
An apparent propagation asymmetry can also be due to the interaction of an electromagnetic wave with an external
magnetic field (Faraday rotation). The interaction of electromagnetic radiation having a propagation wave vector
(~k−) parallel to an external magnetic field ~B can lead to an apparent rotation of the electric field polarization plane.
This can be visualized as a decomposition of the planar wave into left- and right-circular polarization components,
which interact differently with the ambient field. The degree of rotation is specified by the Verdet constant, given by
V = −(eλ/2mc)dn/dλ. For water at 20◦ C, the measured value of V is 0.00038 rad/m/Gauss at optical wavelengths,
where it has been studied most extensively. Although the value of the local magnetic field was not measured at
our particular site, the proximity to the South Magnetic Pole (defined as the point where the geomagnetic field is
vertical) at 65◦N and 139◦E implies that the magnetic field is largely aligned along the zˆ, or vertical (c-axis). Using
Verdet constant data for water and a value for the earth’s field of 1 Gauss leads to an expected rotation of θFR ∼20
degrees over the one-way path from surface to bedrock. Since the underlying bedrock has a larger index-of-refraction
than the ice sheet above it, the electric field vector is expected to invert (i.e., rotate by 180 degrees around ~k−)
upon reflection, after which the electric field vector rotates in the opposite sense, as viewed from behind. The two
effects add, so that the total rotation, relative to the sent signal, will be θtot = 2θFR + π, and could therefore affect
the measured leakage into the ‘cross-polarized’ signal. However, Faraday rotation is not expected to give a net time

































FIG. 29: “Co-polarization” signal observed in bottom reflection measurement at South Pole, January 2004. Absolute magni-
































FIG. 30: “Cross-polarization” signal observed in bottom reflection measurement at South Pole, January 2004.
Broadcast through firn
Our measurement of the birefringent asymmetry is, of course, only the asymmetry projected onto the vertical
signal propagation axis, and therefore represents a lower limit to the maximum birefringent asymmetry. To probe
possible asymmetries in the horizontal plane (and also surface transmission effects), narrow pulses were broadcast
from the discone antenna buried at a depth of 97 m into the ice, and the signal measured in a surface horn receiver























FIG. 31: Comparison of typical Vpol signals measured by surface horn receiver from in-ice discone antenna.
 position (deg)φRX 













FIG. 32: Received surface horn signal strength, broadcasting from in-ice discone.
vertical:horizontal aspect ratio could be used as a buried transmitter. Figure 31 displays the Vertical-polarization and
Horizontal-polarization signals received by the surface horn when broadcasting from the in-ice, vertically-oriented
discone. The observed Hpol signal is consistent with the known cross-talk and isolation between the vertical and
horizontal polarizations of the surface horn receiver. Given the short in-ice pathlength, and cross-talk complications,
it is somewhat difficult to interpret the equality of the observed signal times in terms of birefringence. Moreover,
since most of the signal path is through the firn, it is likely that the ice crystal fabric has not yet, at this limited
depth, established a preferred orientation.
The peak received signal strength (corrected for the distance from discone to receiver) shows a clear sinusoidal














































FIG. 33: Received azimuthal power, broadcasting with discone (in-air) to surface Seavey horn, as a function of frequency.
azimuthal signal strength dependence might be a simple consequence of the intrinsic beam pattern of the discone
itself. A second discone, similar in construction to the in-ice discone (the original discone was left in the ice for the
primary ANITA mission) was rotated azimuthally in-air at an elevation of ∼2 m and the signal strength measured
in the surface receiver horn (Figure 33). The lack of azimuthal variation observed over π radians indicates that the
structure observed when broadcasting from the in-ice discone to the surface receiver is not a consequence of the
discone beam pattern. The fact that the received signal magnitude seems correlated with the local surface gradient
is suggestive of the observed variation being due to the polar angle dependence of the signal emission and reception.
Although the horn antenna was oriented with an inclination angle of −11± 1.5 degrees relative to the horizon (i.e.,
pointing down relative to true horizontal), the local surface elevation gradient resulted in a different snow exit angle
of amplitude 4 degrees. To test this hypothesis, the receiver signal was measured as a function of cant angle with
respect to the horizontal (Figure 34). The magnitude of the observed variation indicates that no more than ∼10%
of the observed azimuthal variation might be due to local exit angle effects.
Surface Roughness Effects
The observed variation may also be the result of surface roughness effects. We have measured the rms variation
of the local snow elevation, and the dependence of the observed signal strength on variations in surface roughness.
At a radial distance of r=70 m from the borehole, the received signal strength was measured initially, then the
snow surface was ‘roughed’ with a shovel. Next, a shallow trench (∼25 cm deep) was dug and ‘roughed’ again and
the signal strength re-measured. Figure 35 shows the results of this procedure. Table III shows the average value
of snow ‘depth’ and also the rms-variation in the snow depth, sampled randomly in the 2m x 2m patch of snow
surface directly in front of the antenna. Given the fact that the surface roughness was considerably larger than
that expected ‘naturally’, we assess the systematic uncertainty in ANITA signal reception due to surface roughness
effects as ∼10%.
As an additional measure of surface roughness effects, the transmitted discone signal was measured by the surface
horn receiver along a constant azimuth, and also with the surface horn at the same value of r but displaced in
azimuth by approximately 1 m to the West, corresponding to the spatial scale of the surface illuminated region.
This displacement is sufficiently small that there should be no significant change in received voltage due to beam
pattern uncertainties; we attribute any observed variation to the different air-ice interfaces probed from the two









































No Trench/roughed surface/Level 1
Initial surface
FIG. 35: Comparison of signals received for differing amounts of (artificially created) surface roughness in the region in front
of the surface horn.
signal strength as a function of radial distance from the borehole, along two slightly different lines in azimuth. We
presume the dependence on angle to be largely due to the polar angle beam pattern of the in-ice discone, although
this has not yet been verified with in-air measurements. The degree of scatter, for points very nearby in φ provides a
measure of what we have attributed as ’surface roughness’ systematic error, as well as the single-shot measurement
error.
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TABLE III: Summary of direct measurements of snow surface depth variation. Zero corresponds to an estimated average
surface level of the surrounding snow. r is the radial distance between the surface horn receiver and the in-ice discone, d¯ gives
the average of the measured height values, and σd is the rms of the measured height values.
r Samples Surface condition d¯ σd
71 m 26 1st-level roughness 27.15 cm 7.2 cm
71 m 31 2nd-level roughness 30.5 cm 7.9 cm
71 m 27 in-trench 34.6 cm 6.7 cm
Distance from Borehole (meter)

















V pol. @5deg W
V pol. @90deg E
V pol. @89.3deg E
H pol. @5deg W
H pol. @90deg E
H pol. @89.3deg E
FIG. 36: Measured peak voltage in surface receiver horn (in-ice discone transmission), along two nearby lines in azimuth.
Signal arrival time dependence on depth (fixed r)
In principle, the discone→surface receiver signal arrival time can be used to verify the density profile over the
first 100 m of ice, as done previously at the South Pole[Kravchenko-2005]. Figure 37 shows the signals received
as the discone was lowered, at approximately 10 m intervals into the borehole. Table IV gives the signal arrival
time and amplitude characteristics (due to operator error, the maximum possible measured voltage was only 0.1
V). Assuming the index-of-refraction is related to density via the Schytt model[Schytt-1958] (n(z) = 1.+ 0.86ρ(z)),
we find reasonably good agreement between our tabulated results and the data taken from Taylor Dome itself. For
comparison, we have also included the expected times using the ρ(z) profile using density data from the South Pole
(Figure 38, showing only the first 100 meters of depth from Figure 11, as well as the fit to South Pole density
measurement data overlaid). Our measurements suggest that the density profile at our experimental site is slightly
less sharp than the density profile obtained at Taylor Dome itself.
The amplitude data, although in principle useful for verifying the ray tracing, have not been used, largely owing
to uncertainties regarding the polar angle beam pattern of the in-ice discone, and the previously-mentioned voltage
saturation problem.
Conclusions
Our initial goal was to measure the attenuation length of ice at a site close to the Antarctic coast (Taylor Dome) and
to compare that value with previous measurements at South Pole. This is one of a series of anticipated experiments
to map out ice properties over the large area probed by the balloon-borne ANITA neutrino detection experiment.
Using a variety of somewhat redundant measurements, we estimate the uncertainty in the expected ANITA signal
strength due to uncertainties in transmission across the air/ice interface to be of order 10%.






























FIG. 37: Signals measured in surface horn as a function of depth of the transmitting discone; radial displacement between
Rx and Tx is 70 m. Voltage saturation occurs at ∼0.11 V (due to limited dynamic range setting of scope), as evident from
the Figure.
TABLE IV: Comparison of measured signal arrival time, as a function of depth, with signal arrival time predicted using the
Taylor Dome density profile used herein, and also the measured South Pole density profile through the firn.
Depth Signal time (ns) Peak Voltage (V) TD ρ(z) fit time (ns) SP ρ(z) fit time (ns)
+1.1 m 1146 0.040
0 m 1145 0.010
–10 m 1178 0.009 1178 1178
–20 m 1213 0.020 1213.7 1210.6
–30 m 1251 0.024 1251.8 1246.3
–40 m 1292 0.040 1291.8 1284.7
–50 m 1332 0.064 1333.7 1325.4
–60 m 1374 0.071 1377.3 1368.1
–70 m 1420 ≥0.1 1422.4 1412.2
–80 m 1466 ≥0.1 1468.8 1458.5
–90 m 1513 ≥0.1 1517.6 1506.2
–97 m 1547 ≥0.1 1551.9 1540.0
for this bottom reflection is complicated by uncertainties regarding the bottom topography and the bedrock-ice
reflection coefficient, as well as possible interference effects. For a variety of orientations, with both Rx and Tx
identically polarized, and probing a variety of surface Tx/Rx locations over a 100-meter surface radius region,
we measure peak reflected voltage values that are consistent to within approximately 30%, with a S:N of ∼4.0,
implying attenuation lengths roughly consistent with measurements made at the South Pole, and somewhat larger
than recent West Antarctic measurements. Our numerical estimates have generally erred on the side of yielding a
conservative estimate of the attenuation length. More exact estimates of the reflection coefficient, as well as more
sophisticated integrations of the reflection signal will likely add power to our estimate of the total received signal
strength. Additionally, we find strong evidence for an asymmetry in the real part of the ice dielectric constant,
which we interpret as the first-observation of time-domain birefringence.





















fit to SP data
TD ρ(z) data
fit to TD data
FIG. 38: Taylor Dome density data (Fitzpatrick, 1994) points and fit to density profile, compared with fit to density profile
data at South Pole. These profiles are used to calculate the expected propagation between the in-ice discone and the surface
receiver.
are needed to fully map out ice properties across the continent. Particularly important is the determination of
dielectric properties measured in the vertical plane, for which there is thus far somewhat less in situ data.
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